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Abstract 
Efflux of carbon dioxide from soils constitutes a large portion of the global terrestrial-
atmosphere CO2 flux.  However, the magnitude of this flux can be highly variable across 
the landscape, especially in regions of complex topography.  To advance understanding 
of the spatial variability of soil surface CO2 exchange we explore the variation in CO2 
efflux between landscape positions, characterize the relationship between soil properties 
of temperature and moisture and CO2 efflux, and quantify seasonal and spatial variability 
at the plot and landscape scale within a topographically complex boreal forest.  We find 
that CO2 efflux does not vary significantly between landscapes, likely due to the extreme 
plot scale heterogeneity in soil conditions.  Efflux is explained by relationships and 
threshold responses between soil CO2 efflux and soil conditions.  Regression tree analysis 
and the statistical strength of plot based efflux-temperature relations show that 
temperature is the dominant control on soil CO2 efflux in this watershed, and that soil 
moisture becomes a more important control on efflux at warmer soil temperatures.  Soil 
moisture is an important factor in explaining seasonal variability in efflux from individual 
landscape positions, and accurate quantification of soil moisture at the landscape scale is 
necessary to describe CO2 efflux-soil moisture relations in topographically complex 
regions. 
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CHAPTER 1 
Introduction 
 Soil respiration, the sum of autotrophic and heterotrophic respiration, is a central 
component of the global carbon cycle [Raich and Potter, 1995], and its accurate quantification is 
particularly important in boreal regions where soils hold large stores of organic carbon [Schuur, 
et al., 2008; Tarnocai, et al., 2009].  Recent estimates indicate that boreal regions make up 13% 
of the total annual global soil respiration flux, and that soil respiration from boreal ecosystems 
may have increased by 7% in the last 20 years [Bond-Lamberty and Thomson, 2010].  Release of 
CO2 from decomposition in these high latitude ecosystems has been indentified as a possible 
positive feed back within the carbon-climate system [McGuire, et al., 2009; McGuire, et al., 
1997], and therefore quantification of spatial and temporal variability in soil respiration from 
these regions is necessary to understand current and future boreal carbon dynamics. 
 Globally soil respiration is strongly dependent on soil temperature and soil moisture 
[Raich and Potter, 1995; Schlesinger and Andrews, 2000].  Soil temperature is generally the 
dominant control, and soil moisture becomes an important control under certain conditions 
including the limitation of soil respiration at high moisture due to diffusive resistance and at low 
moisture due to desiccation stress [Orchard and Cook, 1983; Raich and Potter, 1995; Skopp, et 
al., 1990].  Soil temperature and moisture are also the dominant controls over decomposition in 
boreal regions [Hobbie, et al., 2000], however, rates of input, accumulation, and turnover of soil 
carbon are spatially variable within boreal regions due to heterogeneity in soil conditions [Dunn, 
et al., 2009; Grant, 2004; Harden, et al., 1997; McGuire, et al., 2009; Pacific, et al., 2008; 
Trumbore and Harden, 1997], including variability in soil moisture [Hobbie, et al., 2000; Vogel, 
et al., 2005; Wickland, et al., 2010].  Previous work in other ecosystems demonstrates that CO2 
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efflux varies between landscape positions [Pacific, et al., 2008], and that lateral redistribution of 
water over the landscape, controlled by watershed morphology and topographic complexity, is a 
strong predictor soil CO2 efflux [Riveros-Iregui and McGlynn, 2009].  We investigate the 
influence of landscape morphology on CO2 dynamics in a boreal forest by exploring variability 
in CO2 efflux, net CO2 flux, groundcover vegetation photosynthesis, and relationships between 
soil CO2 efflux and soil conditions (temperature and moisture) across the different landscape 
positions of an upland black spruce forest in interior Alaska.  We address the following 
objectives: 1) determine if CO2 exchange varies significantly between landscape positions; 2) 
characterize the relationship between soil CO2 properties of temperature and moisture and CO2 
efflux at the plot and landscape scale; 3) quantify variability in CO2 efflux at the plot and 
landscape scale.  Finally we synthesize our results of plot-scale and landscape-scale variability in 
CO2 exchange to inform future studies in areas of small and large scale heterogeneity, such as 
regions of complex terrain. 
 
Background 
 Global soil respiration contributes between 75 to 98 Pg C to the atmosphere annually 
[Bond-Lamberty and Thomson, 2010; Schlesinger and Andrews, 2000] .  Roughly one third of 
this flux is from respiration of live roots (autotrophic respiration), and two thirds from 
decomposition and mineralization of organic matter (heterotrophic respiration).  The majority of 
soil CO2 production occurs in the top 15 cm of the soil column where there is the greatest input 
from litter fall and highest concentration of fine roots [Schlesinger, 1997].  Globally, rates of soil 
respiration are strongly related to mean annual temperature and precipitation [Raich and 
Schlesinger, 1992].  Soil respiration is commonly related to temperature by an exponential 
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relationship according to the Arrhenius equation which describes the temperature control of 
biochemical reactions.  The relation between soil moisture and soil respiration is also non-linear; 
soil respiration is greatest at intermediate soil moisture conditions, and limited at both low and 
high moisture conditions [Raich and Potter, 1995].  Low soil moisture conditions limit soil 
respiration through desiccation stress of organisms [Orchard and Cook, 1983], and high soil 
moisture conditions limit the diffusion of oxygen into the soil, and therefore limit respiration of 
organisms [Skopp, et al., 1990].   
 Soil respiration rates differ by vegetation biome across the globe; the highest rates of 
respiration occur in warm moist regions, such as tropical rainforests, and the lowest rates occur 
in cold or dry ecosystems, such as deserts and boreal regions [Raich and Schlesinger, 1992].  
Low rates of soil respiration in boreal regions, primarily due to slow decomposition, result in 
large accumulations of organic matter in high latitude ecosystems [Schlesinger, 1997].  High 
latitude permafrost regions hold ~50% of the globe’s organic carbon [Tarnocai, et al., 2009].  
Organic carbon accumulations in non-peatland high latitude vegetation types may hold roughly 
750 Pg [Schuur, et al., 2008], with 60-70 Pg of this organic carbon contained within vegetation 
[McGuire, et al., 2009], and the remainder present within the soil.  As in other ecosystems, the 
controls over decomposition in boreal regions include soil temperature, soil moisture and 
substrate quality [Hobbie, et al., 2000].  Boreal regions differ from other ecosystems because a 
large portion of boreal organic carbon stocks is highly labile [Neff and Hooper, 2002].  These 
carbon stocks, which have been protected by cold temperatures or inundation, could potentially 
be quickly decomposed under optimal conditions [McGuire, et al., 2009].  But even under 
optimal conditions, rates of input, accumulation, and turnover of soil carbon are spatially 
variable within boreal regions; the largest rates of C accumulation are frequently observed in 
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wetlands where turnover is slow, and faster rates of turnover are observed in litter and upland 
forests [Trumbore and Harden, 1997]. 
 Boreal forest ecosystems comprise 22% of Earth’s surface [Chapin, et al., 2000], and 
roughly 8% of the exchange of CO2 between the terrestrial biosphere and the atmosphere.  
Release of CO2 from decomposition in these high latitude organic carbon stocks has been 
indentified as a possible positive feed back within the carbon-climate system [McGuire, et al., 
2009; McGuire, et al., 1997].  Currently high latitude ecosystems are considered a carbon sink, 
but changing climatic conditions in these regions could alter their source/sink status and thereby 
influence the response of the global carbon cycle to climate warming. 
 
Site Description 
 The study site is the watershed of West Twin Creek (65°20’N, 146° 54’ W), a small 
headwater catchment in the Beaver Creek watershed in the White Mountain Recreation Area of 
interior Alaska (Figure 1).  The West Twin Creek watershed is at 600 m elevation and 
encompasses approximately 500 ha.  Annual mean temperature measured at the nearby Upper 
Nome Creek Snotel Site over the period 2007 through 2010 is -2.6°C [http://www.wcc.nrcs.usda. 
gov/nwcc/site?sitenum=1090&state=ak].  The mean temperature for the duration of the study 
(May–September 2010) was 10.9°C.  Mean total annual precipitation measured at the Upper 
Nome Creek Snotel Site from 2007 through 2010 is 0.51 m/yr.   
 Hillslope vegetation of the West Twin Creek watershed is dominated by black spruce 
(Picea mariana) and white spruce (Picea glauca), with an understory of forbs and herbaceous 
shrubs.  Ground cover vegetation is Sphagnum mosses, feathermosses, and reindeer lichens 
(Cladina spp.).  The geology of the watershed is characterized primarily by schist of the Yukon- 
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Figure 1.  Map of the West Twin Creek study site.  This site is located at 65°20’N, 146° 54’ W 
within in the White Mountains Recreation Area of interior Alaska. 
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Tanana terrane [Coney and Jones, 1985], overlain by loess deposits. Loess deposits exist in 
variable thickness throughout the watershed, with thicker deposits observed at lower elevations 
and thinner deposits observed at higher elevations.  The site is underlain by continuous 
permafrost; active layer depths equal approximately 0.5-0.8 m.  The organic soil horizon ranges 
in thickness from several cm to >40cm (Table 1) and consists primarily of dead moss, lichen and 
roots. 
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CHAPTER 2 
Methods and Analysis  
Site and plot configuration 
 We established six study plots in May 2010.  Plots are organized in two transects, the 
Upstream Transect and the Downstream Transect, each consisting of three plots that run up the 
fall line of an east-facing hillslope (Figure 1, Figure 2).  All plots are located on an east-facing 
hillslope to remove any confounding effects of aspect from this study.  The plots of the upstream 
transect are labeled Plot 1 through Plot 3 from highest elevation to lowest elevation, and the plots 
on the Downstream Transect are labeled Plot 4 through Plot 6 from highest elevation to lowest 
elevation (Figure 1).  The plots of the Upstream Transect, Plots 1-3, are all higher in elevation 
than those of the Downstream Transect, Plots 4-6 (Table 1).  Plots 1 and 4 represent the upper 
slope landscape position, Plots 2 and 5 represent the mid-slope landscape position, and Plots 3 
and 6 represent the lower slope landscape position.  All plots are located in an open canopy 
upland black spruce forest slightly below treeline and range in elevation from 580 to 690 m.  
Groundcover vegetation and tree size at each site is variable (Table 1). 
 
Gas flux measurements 
 We installed five polyvinyl chloride (PVC) flux chamber collars at each plot totaling 30 
collars at the study site.  The five collars at each plot were labeled alphabetically with “Collar A” 
in the center, and “Collar B” through “Collar E” arranged around the central collar at a distance 
of five meters (Figure 2).  The collars have an inside diameter of 0.37 m, are 0.1 or 0.2 m tall, 
and were inserted 5 to 10 cm into the soil.  No measurements were taken within the first 72 hours  
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Figure 2. Within each study plot collars are arranged in a cluster such that Collar A is in the 
center, Collar B is 5 m north of Collar A, Collar C is 5 m east of Collar A, etc.  One upper slope, 
mid-slope and lower slope plot is located along both the upstream and the downstream transect.  
Both transects are perpendicular to the hillslope. 
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after collar installation to avoid disturbance effects.  All ground cover vegetation within the 
collars was left intact and the collars remained in place through the duration of the study. 
 Soil respiration and net CO2 flux were measured every one to two weeks at each plot 
from late May through mid-September 2010.  All six plots were generally measured during a 
two-day period on a weekly basis.  Respiration measurements include autotrophic respiration of 
above and below-ground groundcover vegetation, and heterotrophic respiration through the soil 
profile.  Net CO2 flux measurements record soil respiration minus photosynthesis of mosses and 
vascular plants.  An opaque PVC chamber was used to measure soil respiration, and a 
transparent PVC-Lexan chamber was used to measure net CO2 flux.  Soil CO2 efflux and net flux 
measurements were taken by recording the change in concentration of CO2 gas within a chamber 
placed over the soil surface for a period of time, in accordance with the closed chamber 
technique [Healy, et al., 1996].  During the measurement the chamber sits directly on the collar 
and the interface is sealed with a rubber gasket.  For five minutes chamber air circulated through 
a portable infrared gas analyzer (IRGA; EGM-4 gas analyzer, PP Systems, Haverhill, 
Massachusetts).  The IRGA pulls gas from a top port of the chamber, measures CO2 
concentration, and returns gas to a sidewall port at a rate of 0.3 L per minute.  An additional 
pump enhances circulation within the chamber by circulating gas at a rate of 3 L per minute.  We 
recorded the concentration of CO2 within the chamber every 15 seconds for 5 minutes.    We 
measured gas flux only between 0900 and 1700 and rotated the order in which the plots were 
visited to avoid time-of-day biases. 
 The flux of gas through the soil-atmosphere interface was calculated using: 
    ( )hdtdCJ /=              [1] 
 11 
Where J is the CO2 flux (mol m-2 t-1), C is the concentration of CO2 gas in the chamber at 
ambient temperature and pressure (mol m-3), t is time, and h is the chamber plus collar height (m) 
above the ground surface.  The slope of the regression of gas concentration with time is 
represented by dC/dt.  We calculated the slope between approximately 60 s to 180 s after 
chamber deployment.  All slopes of regressions have a r2 ≥ 0.95.  Groundcover vegetation 
photosynthesis was calculated as the difference between CO2 efflux and net flux.  Positive fluxes 
represent transfer of C from the terrestrial system to the atmosphere, and a negative flux 
represent transfer of C from the atmosphere to the terrestrial system.   
 
Soil temperature 
 We measured air temperature and soil temperature at 5 cm below the vegetation surface 
at every collar to coincide with gas flux measurements using a Fluke 51 Series II digital 
thermometer with a type K thermocouple (Fluke Corporation, Everette, Washington.)  Soil 
temperature was also measured and logged every 15 minutes with temperature sensors and 
dataloggers (Onset Hobo Micro Station H21-002 4 channel datalogger; S-TMB-M002 
Temperature Smart Sensor, 2 m cable; Onset Computer Corporation, Bourne, Massachusetts) 
throughout the season.  A temperature probe was installed in the organic horizon 5 cm below the 
live vegetation (approximately 8-9 cm below the vegetation surface). 
 
Soil moisture 
 Soil volumetric water content (VWC) was measured with two methods.  We collected 
soil samples of known volume weekly from a depth of 6-10 cm below the vegetation surface to 
determine soil VWC at each plot.  To insure that the samples did not lose moisture they were 
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sealed in soil tins until they were weighed.  Samples were re-weighed after being dried in the 
oven 60°C for 48 hours.  The difference in weigh before and after oven drying indicates the 
volume of water in the soil.  Soil VWC is calculated by dividing the water volume by the total 
soil sample volume recorded at the time of collection.  We also obtained seasonal soil VWC 
readings from ECH2O soil moisture probes (Decagon Devices Inc., Pullman, WA).  Soil VWC 
was logged every 15 minutes on a Hobo datalogger (Onset Hobo Micro Station H21-002 4 
channel datalogger; Onset Computer Corporation, Bourne, Massachusetts) through the season.  
Probes were inserted horizontally organic horizon 5 cm below live vegetation.  At the end of the 
study we constructed a calibration curve to correct the VWC output from the probes to match our 
volumetric method, according to the methods of O’Donnell et. al. [2009b].  We harvested blocks 
of soil representative of the types of soil in which probes were installed.  The soil blocks were 
cut to a known volume (1000 cm3), saturated, and then allowed to drain to field capacity.  Probes 
of the identical make to those used in the field were inserted into the soil sample and left as the 
soil dried out over several weeks at room temperature.  Both the weight of the soil block and the 
probe readout of VWC were recorded as the soils dried, and at the end of the calibration we were 
able to construct a correction for the soil moisture probe.  Field VWC readings that were greater 
than field capacity were corrected in accordance with the methods of K. Manies (personal 
communication) using a linear extrapolation between the field capacity probe reading and a full 
saturation probe reading established in the lab by submerging the probe in water. 
 
Soil carbon 
 At each plot we collected one sample within the top 10 cm below the vegetation surface 
near the central collar for soil carbon analyses.  Samples were oven dried at 60°C for 48 hours, 
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ground, homogenized and analyzed on an Exeter Analytical Incorporated CE 440 Elemental 
Analyzer (North Chelmsford, MA) to obtain values of percent carbon.  We collected one sample 
at each plot and analyzed three replicates per sample. 
 
Vegetation surveys and active layer depth 
  Measurements of diameter at breast height (DBH) were made on all trees over two 
meters tall along three sub-transects of a 90 m transect constructed through each study plot, 
perpendicular to the hillslope.  Sub-transects were 14 m long and included trees within one meter 
on either side of the transect.  Dead trees leaning > 45 degrees were not measured, and if there 
was a major trunk division below breast height, DBH was measured on both trunks.  
Groundcover vegetation within the collars was estimated as percent cover of lichen or moss.  
Active layer depth at each plot was determined by probing the soil in late August. 
 
Statistical analyses 
 Effects of landscape position on CO2 efflux were evaluated using repeated measures 
analysis of variance (ANOVA) of landscape position by date at significance level α=0.05.  We 
established two replicate plots in each landscape position.  Measurements were grouped by week 
through the study season.  ANOVA analyses were preformed using Statistica 9.0 (StatSoft, 
Tulsa, OK). 
 Classification and regression tree analysis (CART) was used to determine the 
significance of soil moisture and soil temperature in relation to rate of CO2 efflux from the soil.  
This method uses continuous predictor variables to explain a dependent response variable, CO2 
efflux, using an explanatory tree model to repeatedly split independent variables into 
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dichotomous homogeneous groups.  CART analyses were done with SSPS Statistics 19 (IBM 
Corporation, Sommers, NY). 
 Seasonal and spatial variability in soil CO2 efflux at the plot and landscape-scale is 
quantified by the coefficient of variation (CV): the standard deviation divided by the mean.  Plot 
scale seasonal variability was determined by the mean and standard deviation of measurements 
from each study plot through the study season.  Landscape-scale seasonal variability was 
determined by the mean and standard deviation of all measurements from all plots through the 
season.   
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CHAPTER 3 
Results 
Site environmental conditions 
 Mean seasonal (May 21 to September 19, 2010) soil temperature at 5 cm depth ranged 
from 7.70 ± 3.75 °C at Plot 2, to 11.46 ± 3.12 °C and 11.36 ± 4.97 °C at Plots 1 and 4 
respectively (Table 2; Figure 3). Continuous temperature records taken at Collar A at each study 
plot all demonstrate the same general trend in soil temperature throughout the summer: soil 
temperature is highest between Day 180 and 230, and drops quickly after Day 230 (Figure 4).  
Soil temperature at the end of the season, after Day 230, is lower than soil temperature at the 
beginning of the study season (Day 140 to 180). 
 Seasonal mean soil VWC, evaluated with bulk soil moisture samples, was greatest along 
the Downstream Transect, and lower along the Upstream Transect (Table 2; Figure 3).  The 
greatest soil moisture was observed at the mid and lower slope plots along the downstream 
transect, with seasonal means of 0.28 ± 0.08 m3m-3 and 0.25 ± 0.07 m3m-3 respectively, and 
lowest at Plot 2 where the seasonal mean soil VWC was 0.06 ± 0.04 m3m-3.  Plots 3 and 4 have 
intermediate soil moisture, 0.17 ± 0.09 m3m-3 and 0.20 ± 0.07 m3m-3 respectively.  At all six 
plots soil VWC is variable through the season (Figure 5). 
 
Soil CO2 exchange 
 Based on our repeated measures ANOVA, both landscape position and day of the season 
were found to be insignificant predictors of efflux, with no significant interaction between the 
two.  The greatest difference in mean seasonal soil CO2 efflux is observed between the two upper 
slope landscape positions, Plot 1 and Plot 4 (Table 2).  The greatest mean efflux of CO2 over the 
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study season is observed at Plot 4 (9.16 ± 2.89 mmol CO2 m-2 hr-1), and the smallest observed at 
Plot 1 (6.35 ± 2.01 mmol CO2 m-2 hr-1).  Plots 2, 3, 5 and 6, the mid and lower slope plots along 
both transects, all have mean CO2 efflux over the study season between 7.27 ± 1.48 and 7.73 ± 
2.57 mmol CO2 m-2 hr-1 (Table 2). Although mean CO2 efflux from these four plots is similar, 
Plot 2 is the only plot at which we observed a positive mean seasonal net CO2 flux (3.40 ± 2.19 
mmol CO2 m-2 hr-1); all other study plots have a negative mean seasonal net CO2 flux (Table 2, 
Figure 3).  Plot 2 is also the plot with the lowest (least negative) seasonal mean rate of 
groundcover photosynthesis (-3.49 ± 1.99 mmol CO2 m-2 hr-1).  The greatest (most negative) 
seasonal mean rate of groundcover vegetation photosynthesis is observed at Plot 4 (-12.69 ± 5.14 
mmol CO2 m-2 hr-1), the uphill plot on the Downstream Transect.  Plots 5 and 6, the mid and 
lower slope plots on the Downstream Transect have rates similar to that of Plot 4 (-10.92 ± 4.45 
mmol CO2 m-2 hr-1 and -10.84 ± 5.79 mmol CO2 m-2 hr-1 respectively; Table 2, Figure 3). 
 Soil surface CO2 efflux is variable through the season at all study plots (Figure 6).  Efflux 
is generally higher during the first half of the season than the end of the season, although none of 
the plots show a pronounced seasonal peak.  Minimum efflux is observed during the last two 
weeks of measurement at all plots.  At the upper slope and mid-slope plots along both transects, 
maximum efflux is observed between Day 160 and 180.  At the lower slope plots, maximum 
efflux is observed later in the season, around Day 200.  
  Net soil surface CO2 flux is also highly variable throughout the season (Figure 6).  Net 
flux is positive at all study plots in the beginning of the season (Plot 3 has a negative flux on the 
first measurement date but a positive flux on the second measurement date).  After the first two 
weeks of measurement net CO2 flux is negative at all study plots except Plot 2 until around Day  
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Figure 3.  Box plots of seasonal mean soil CO2 efflux, net CO2 flux, groundcover vegetation 
photosynthesis, soil temperature 5 cm below vegetation surface, soil moisture from May 21 
through September 19, 2010.  Boxes represent the inter-quartile range, the lines represent the 
median, and the whiskers the 10th and 90th percentiles. 
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250 when the flux is again positive.  Plot 2 has a positive flux through the entire season with the 
exception of two dates of small negative flux on Day 201 and 222.  The greatest negative flux at 
most plots is observed in the middle of the season, whereas at Plot 6, the lowest elevation plot, 
we observe maximum negative flux earlier in the season than all other study plots. 
 Groundcover vegetation photosynthesis, determined as the difference between soil 
surface CO2 efflux and net flux, is variable but does show a seasonal peak at some study plots 
(Figure 6).  All study plots show an early and late season peak in efflux; one peak around Day 
165 and a second around Day 205.  At the two lower slope position plots we observe maximum 
uptake of CO2 through groundcover vegetation photosynthesis earlier in the season than all other 
plots.  
 
Variability in CO2 efflux at the plot and landscape-scale 
 The seasonal variability in efflux at each plot ranges from a CV of 0.19 at Plot 2 to 0.36 
at Plot 3 (Table 3).  The seasonal CV in efflux at the remaining plots ranges between 0.30 and 
0.33.  Landscape-scale seasonal variability of efflux equals a CV of 0.31, similar in magnitude to 
the seasonal variability at the plot scale (Table 3). Spatial variability in efflux at the plot-scale 
was quantified with a seasonally de-trended CV determined as the seasonal average CV of efflux 
from the five collars at each plot.  Landscape-scale spatial variability in efflux was determined 
using the mean seasonal CV of efflux from all 30 collars within the watershed.  Plot scale spatial 
variability in efflux at each plot ranges from a CV 0.25 at Plot 4 to 0.69 at Plot 3 (Table 3).   
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Figure 4. Continuous mean daily soil temperature 5 cm below the live vegetation at the central 
collar within each plot.  Depth of probe installation from the vegetation surface: Plot 1, 9cm; Plot 
2, 10cm; Plot 3, 10cm; Plot 4, 9cm; Plot 5, 7cm; Plot 6, 9cm. 
 
Figure 5. Continuous measurements of mean daily soil temperature 5 cm below the live 
vegetation at the central collar within each plot.  Depth of probe installation from the vegetation 
surface same as above. 
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The largest CV of spatial variability in efflux is observed at the two lower slope position plots.  
Landscape-scale spatial variability in efflux is equal to a CV of 0.40 (Table 3).  The landscape-
scale spatial variability in efflux is greater than plot-scale variability at all plots except Plots 3 
and 6.   
 
Soil CO2 efflux controls and Regression Tree Analysis 
 Relationships between soil CO2 efflux and soil temperature and moisture were 
determined at the plot-scale and at the landscape-scale.  At the plot scale, relations were 
determined for each study plot by relating plot average CO2 efflux to plot averaged soil 
conditions from the same day of measurement.  At the landscape-scale, relations were 
determined by relating average CO2 efflux from all study plots to average soil conditions from 
all study plots for the same measurement cycle (defined as the two-day period during which 
measurements were made at all plots.) 
 At the plot-scale, soil surface CO2 efflux increased exponentially with increasing soil 
temperature at all study plots except Plot 2 (Table 4; p<0.05).  CO2 efflux also relates 
significantly with soil temperature at the landscape-scale (p<0.0005; Table 4).  Soil CO2 efflux 
does not relate significantly with soil VWC at the plot scale, however, soil VWC and soil CO2 
efflux are significantly related at the landscape (p=0.0072; Table 4). 
 Our regression tree analysis indicates that soil temperature is the most important factor in 
predicting CO2 efflux.  Soil temperature is the variable that makes up the first split in the 
regression tree at a threshold of 9.65°C.  The left branch includes soil CO2 efflux measurements 
at soil temperatures less than or equal to 9.65°C; it has a mean efflux of 6.28 ± 2.98 mmol CO2   
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Figure 6.  Measured soil surface CO2 efflux (black circles), measured soil net CO2 flux (grey 
diamonds), and groundcover vegetation photosynthesis (white squares) calculated as the 
difference between efflux and net flux.  Points represent mean of 5 measurements (one at each 
collar), and whiskers represent one standard deviation. 
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 m-2 hr-1.  The left branch is further split along a temperature threshold of 4.90°C; the mean 
efflux below and above the 4.90°C threshold is 5.30 ± 2.87 mmol CO2 m-2 hr-1 and 6.92 ± 2.94 
mmol CO2 m-2 hr-1 respectively (Figure 7).  Soil temperature is the only significant variable 
included in the left branch of the regression tree. 
 The right branch of the regression tree includes both soil temperature and soil moisture 
(VWC) as significant variables.  The right branch describes soil CO2 efflux measurements 
corresponding with soil temperature measurements above 9.65°C and has a mean efflux of 8.87 
± 3.28 mmol CO2 m-2 hr-1.  The right branch is further split on the basis of a VWC threshold of 
0.15 m3 m-3.  The left side of this split is characterized by VWC values less than or equal to 0.15 
m
3
m
-3
, and a mean efflux of 7.32 ± 2.66 mmol CO2 m-2 hr-1 and the right side of the split 
incorporates measurements of soil VWC greater than 0.15 m3 m-3 and mean efflux of 9.70 ± 3.28 
mmol CO2 m-2 hr-1.  The CART analysis identifies soil temperature as the independent variable  
with greater prediction power, and soil VWC as the variable with less prediction power. 
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Figure 7.  Boxes represent “nodes” and display mean efflux in mmol CO2 m-2 hr-1, standard 
deviation, number of total measurements in each node, and percent of total measurements in each 
node. Horizontal lines below each node indicate thresholds at which explanatory variables are 
significant. 
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CHAPTER 4 
Discussion 
 Our results demonstrate considerable spatial and temporal variability in the exchange of 
carbon between the terrestrial biosphere and the atmosphere within a boreal forest watershed.  
We find that soil CO2 efflux is not significantly different between landscape positions, likely due 
to the extreme plot scale heterogeneity in soil conditions.  However, patterns of soil efflux in this 
watershed are explained by soil temperature and moisture controls and threshold responses 
between efflux and soil conditions at the plot and landscape-scale. 
 
Site environmental conditions 
 Soil moisture and temperature conditions observed through the summer season at this site 
are similar to those of other upland black spruce forests, although soil moisture is lower at this 
site than at peatland and floodplain black spruce forest study sites [Billings, et al., 1998; 
O'Donnell, et al., 2009b; Wickland, et al., 2010].  Our observations of soil CO2 efflux at West 
Twin Creek are similar to observations from other studies of soil respiration in upland boreal 
black spruce forests [Billings, et al., 1998; O'Donnell, et al., 2009b] but lower than observations 
from lower elevation, lower latitude, or wetter black spruce sites [Rayment and Jarvis, 1999; 
Vogel, et al., 2005; Wickland, et al., 2010].  The CO2 efflux we observed is also comparable to 
efflux from sites with a similar permafrost table depth, around approximately 0.5 to 0.8 m depth 
[O'Donnell, et al., 2009b; Vogel, et al., 2005], but smaller than other upland sites without a 
detectable permafrost table [Billings, et al., 1998; Vogel, et al., 2005]. 
 Variation in mean efflux between the six study plots within this watershed is explained 
by heterogeneity in vegetation and soil temperature and moisture between plots.  Plot 1, the 
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uphill plot on the Upstream Transect, has the lowest efflux of the six study plots (Table 2).  
Although this plot has relatively high seasonal mean soil temperature, it has low seasonal mean 
soil moisture, which may be responsible for the small efflux.  In contrast, at Plot 2 we observe 
both low soil temperature and soil moisture, but greater efflux than Plot 1.  To explain this 
contradiction we suggest that soil CO2 efflux at Plot 2 has a large contribution from tree root 
respiration.  Plot 2 has the largest diameter trees of the six plots (Table 1), suggesting the 
potential for greater contribution of tree root respiration to total respiration.  A previous study of 
efflux from three black spruce forest locations determined that fraction of emissions from 
heterotrophic respiration ranged from 47 to 63% [Schuur and Trumbore, 2006].  However, Bond-
Lamberty et al. [2004] point out that although there are broad regional trends in the partitioning 
of efflux between autotrophic and heterotrophic origins, there are also site specific differences.  
The potentially high contribution of tree root respiration at this study site is unique to Plot 2; at 
Plot 3, the lower slope position on the Upstream Transect, we observe intermediate rates of 
efflux likely due to intermediate soil temperature and soil VWC through the season (Table 2, 
Figure 3). 
 The plots of the Downstream Transect have higher soil moisture than plots of the 
Upstream Transect (Table 2, Figure 3).  The uphill plot along the Downstream Transect, Plot 4, 
has intermediate soil moisture and the highest soil temperature of all plots within the watershed.  
Of the six plots investigated, Plot 4 appears to have the most ideal conditions for soil respiration 
and groundcover vegetation photosynthesis; it has the highest soil surface CO2 efflux, the most 
negative net CO2 flux, and consequently the greatest seasonal mean flux of C into groundcover 
vegetation through photosynthesis (Table 2; Figure 3).  The lower and mid-slope positions along 
the downstream transect both have wetter and colder soil conditions than Plot 4, and smaller 
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efflux.  Plot 5 has high soil moisture, low soil temperature, and intermediate seasonal mean 
efflux, comparable to the seasonal mean efflux at Plots 1, 2 and 6.  Plot 6, the lower slope 
position, has an intermediate seasonal mean efflux but shows unique seasonal trends in CO2 
efflux and net flux.  This plot has the earliest peak in net CO2 uptake, and the latest peak in CO2 
efflux of all six plots (Figure 6).  Cold and wet conditions at this plot may limit decomposition in 
the early part of the season, and conditions may become more ideal for decomposition later in 
the season.  Seasonal soil moisture trends indicate that soil moisture is highest at Plot 6 during 
the early part of the season, and decreases through the later part of the season (Figure 5).  
Although trends at Plot 6 indicate that some portions of the landscape may be too wet and cold 
for maximum decomposition in the early part of the season, regression based relations between 
efflux and VWC indicate that landscape as a whole is moisture limited in near surface soils 
(Table 4). 
 
CO2 exchange and landscape position 
 Repeated measures ANOVA indicates that efflux is not significantly different between 
landscape positions within the watershed, likely due to great plot-scale heterogeneity in soil 
conditions.  Plot scale heterogeneity of vegetation, drainage conditions, and soil thermal 
properties results from pronounced micro-topography, highly variable groundcover vegetation, 
and heterogeneity in underlying parent material.  Heterogeneity in soil properties results in 
heterogeneous soil temperature and moisture [Manies, et al., 2001; O'Donnell, et al., 2009a].  
Plot scale heterogeneity is superimposed on landscape-scale heterogeneity which is driven by 
watershed morphology and its control on parameters such as the lateral distribution of water 
[Pacific, et al., 2008; Riveros-Iregui and McGlynn, 2009].  We find that plot-scale heterogeneity, 
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rather than landscape-scale heterogeneity, dominates the controls on soil CO2 exchange in the 
West Twin Creek watershed. 
 Soil CO2 efflux from the six West Twin Creek study plots is temporally variable, but 
does not show a pronounced seasonal trend as observed in other of seasonal efflux in black 
spruce forests in interior Alaska [Billings, et al., 1998; Rayment and Jarvis, 1999; Vogel, et al., 
2005; Wickland, et al., 2010].  However, our results are similar to the observations of  
[O'Donnell, et al., 2009b] who also do not find a distinct seasonal peak in efflux, but do observe 
lower rates of respiration in the second half of the season.  Based on seasonal patterns of efflux 
observed in other studies it seems unlikely that maximum efflux occurred before measurements 
for this study began in mid-May, especially because this site is at a relatively high elevation 
(approximately 600 m).  Furthermore, there does not appear to be a strong seasonal cycle in soil 
temperature, which was identified as the strongest predictor of CO2 efflux.  We conclude that the 
small seasonal trends observed at this site are an accurate depiction of the seasonal CO2 
exchange in this high elevation, open canopy forest. 
 
Variability at the plot and landscape-scale 
 Efflux from the six study plots at the West Twin Creek study site is characterized by both 
spatial variability and seasonal variability.  We can improve our understanding of the factors 
responsible for variability in efflux by independently quantifying spatial and temporal variability. 
 
Spatial variability 
 Spatial variability, quantified as the spatial CV, is high at both the plot and landscape-
scale at this study site, and in some cases plot scale spatial variability is larger than landscape-
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scale spatial variability (Table 3).  This observation supports our conclusion that spatial 
variability in efflux through this watershed is due primarily to plot scale heterogeneity in soil 
conditions.  We also find that spatial variability is greatest in regions of convergent topography; 
spatial CV is highest Plots 3 and 6, the lower slope landscape position plots. 
 
Seasonal variability 
 The quantification of seasonal variability (seasonal CV) at the plot and landscape-scale 
leads to two interesting observations; first, the seasonal variability is as great at the plot-scale as 
at the landscape-scale, indicating that magnitude and range of efflux through the season is 
similar between plots located in different landscape positions (Table 3).  Second, we find that 
greater seasonal variability in soil moisture conditions leads to greater seasonal variability in soil 
CO2 efflux; the seasonal CV of efflux is significantly related to the range of soil moisture 
conditions at one plot through the season (Figure 8).  Other studies have shown that watershed 
morphology and landscape position can control CO2 efflux largely through control of the lateral 
distribution of water [Riveros-Iregui and McGlynn, 2009].  Redistribution of water over the 
landscape determines where moisture conditions are relatively constant and where they are 
highly variable.  In this watershed, the seasonal variability in efflux is influenced by the 
distribution of soil water across the landscape as shown by the relationship between seasonal 
range of moisture conditions and the seasonal CV of efflux. 
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Figure 8. Seasonal plot scale variability (CV of CO2 efflux determined by the mean and standard 
deviation of measurements from one study plot through the study season) relates significantly to 
the seasonal range of soil moisture conditions (maximum minus minimum soil moisture at one 
plot through the season).   
 33 
Soil CO2 efflux-temperature-moisture relations 
 Despite the plot scale heterogeneity in topography, vegetation, and soil conditions within 
the West Twin Creek watershed, we are able to construct robust descriptions of process-based 
controls on soil CO2 efflux.  A significant exponential relationship between CO2 efflux and soil 
temperature is recognized and both the plot and landscape-scale within this watershed (Table 3), 
despite plot scale variability in soil temperature.  Other studies have recognized that variability in 
soil temperature within boreal black spruce forests exists on multiple spatial scales, especially on 
scales greater than five meters, and heterogeneity is greatest in open canopy stands [Bond-
Lamberty, et al., 2006].  Our study site is an open canopy forest, and the distribution of 
measurements within this site is on spatial scales equal to, or greater than, five meters.  
Nevertheless, CO2 efflux increases exponentially with soil temperature at all study plots except 
Plot 2 where CO2 efflux does not relate significantly with soil temperature.  The absence of a 
relationship between efflux and temperature at Plot 2 may be influenced by the differential 
response of black spruce respiration to warming and patterns of tree productivity through the 
growing season in response to seasonally warm air temperatures [Bronson and Gower, 2010; 
Grant, et al., 2009].  A significant exponential relationship between soil temperature and CO2 
efflux also exists when the data are evaluated at the landscape-scale, when efflux and soil 
temperature measurements from all plots across the watershed are considered (Table 3). 
 At the plot scale, soil VWC does not relate significantly with soil surface CO2 efflux 
(Table 3).  The absence of a significant relationship between these factors may be explained by 
the relatively low spatial resolution of soil moisture measurements.  Soil VWC was measured at 
one location per plot, whereas efflux was measured at five locations per plot.  However, soil CO2 
efflux and soil VWC are significantly related at the landscape-scale, when efflux and soil VWC 
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are averaged across the watershed.  The significant relation between CO2 efflux and soil 
moisture at the landscape-scale corroborates the findings of Riveros-Iregui and McGlynn [2009] 
who establish that more accurate representation of topographic complexity within a watershed 
allows for more accurate predictions of efflux.  In their case they found that a more highly 
resolved digital elevation model better describes the lateral distribution of soil water through the 
watershed, and therefore more accurately predicts efflux.  When the model was modified to 
artificially reduce the topographic complexity of the watershed, their predictions of efflux were 
less accurate.  We observe the same effect at our West Twin Creek study site by examining 
efflux and soil moisture at the landscape-scale.  When we evaluate these process-based relations 
at the landscape-scale we are most accurately accounting for the complexity of soil water 
distribution across the watershed and therefore we more accurately characterize the relation 
between soil moisture and CO2 efflux. 
 Our description of process-based relations at the landscape-scale is further improved by 
regression tree analysis to predict soil CO2 efflux based on thresholds of soil temperature and 
moisture.  Regression tree analysis identifies soil temperature as the dominant control over efflux 
at this site, and also highlights the increased importance of soil moisture as a control at warmer 
soil temperatures (Figure 7).  Other studies have also identified the increased importance of soil 
moisture as a control on soil respiration at higher soil temperatures in a variety of ecosystems 
[Conant, et al., 2004; Jia, et al., 2006; Kane, et al., 2003; Wen, et al., 2006; Wildung, et al., 
1975], including in boreal soils [Wickland and Neff, 2008].  The regression tree model reinforces 
our conclusion that seasonal and spatial heterogeneity of soil conditions exert strong control on 
soil respiration. 
 The regression tree model suggests that plot scale heterogeneity in soil temperature is 
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responsible for defining soil temperature thresholds.  We find that seasonal CO2 efflux data from 
one study plot are split by the regression tree thresholds; the thresholds described by the 
regression tree do not sort the data according to study plot.  For example, seasonal plot mean soil 
temperature indicates that Plots 1 and 4 should be described by the right side of the tree because 
these plots have a higher mean soil temperature, and the remaining study plots (Plots 2, 3, 5 and 
6) should be described by the left side of the tree because these plots have a lower mean soil 
temperature.  However, the distribution of measurements from all plots is close to even between 
the right and left sides of the tree (n=225 and n=234 respectively; Figure 7).  A manual 
examination of the regression tree model indicates that temperature thresholds divide the data 
only loosely according to differences between plots, and primarily by differences within plots.  
The plots with the highest and lowest seasonal mean soil temperatures are primarily sorted to 
opposite sides of the 9.65°C soil temperature threshold: Plot 2 is primarily described by the left 
side of the tree (<9.65°C; 71% of efflux measurements) and Plot 4 is primarily described by right 
side of the tree (>9.65°C; 69% of efflux measurements.)  However, the 9.65°C temperature 
threshold splits measurements from the other study plots (Plots 1, 3, 5, and 6) approximately in 
half.  The regression tree model indicates that soil CO2 efflux within this boreal forest watershed 
varies primarily as a function of soil temperature and secondarily as a function of soil moisture at 
the local scale.  Although the regression tree model suggests that plot scale heterogeneity in soil 
temperature is responsible for defining soil temperature thresholds, landscape-scale 
heterogeneity may be responsible for defining soil moisture thresholds.  The soil moisture 
threshold that splits the right side of the tree into two child nodes divides the data strongly by 
study plot.  The majority of measurements from Plots 1, 2 and 3 (67, 90, and 64 % respectively) 
are below the 0.15 m3 m-3 soil moisture threshold, where the majority of measurements from 
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Plots 4, 5 and 6 (87, 94, and 100% respectively) are above the 0.15 m3 m-3 soil moisture 
threshold.  In other words, the regression tree model sorts the upstream plots primarily below the 
≤0.15 m3 m-3 VWC threshold, and the downstream plots primarily above the ≤0.15 m3 m-3 VWC 
threshold.  Because the spatial resolution of soil moisture measurements is less than that of soil 
temperature measurements, part of this distinction is likely due to the fact that soil moisture 
measurement is used to describe all efflux measurements from one plot.  However, it is also 
important to note that the soil moisture content at the plots of the Upstream Transect sites is 
generally below the 0.15 m3 m-3 moisture threshold throughout the season, whereas the soil 
moisture of plots along the Downstream Transect remains above this soil moisture threshold 
throughout the season (Figure 5).  The regression tree model suggests that landscape-scale 
heterogeneity, rather than plot-scale heterogeneity, is primarily responsible for the threshold 
response between efflux and soil moisture within this watershed. 
 Regression tree analysis and the statistical strength of plot based efflux-temperature 
relations indicate temperature is the dominant control on rates of soil CO2 efflux in this 
watershed.  Soil moisture is also an important control, particularly at high temperatures.  
Additionally, soil moisture is an important factor in explaining the seasonal variability in efflux 
from individual landscape positions, and accurate quantification of soil moisture at the 
landscape-scale is necessary to accurately describe efflux-soil moisture relations in 
topographically complex regions. 
 
Conclusion 
 Complex topography influences the spatial variability of many factors that control soil 
respiration.  However, we find that plot-scale heterogeneities in soil conditions unrelated to 
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topography can overwhelm landscape-scale controls on efflux.  Variation in CO2 efflux between 
plots in the West Twin Creek watershed is not explained by landscape position, but efflux is 
explained by relationships and threshold responses between soil CO2 efflux and soil temperature 
and moisture.  Additionally we find that soil moisture, a variable strongly related to topographic 
position, is an important factor in predicting variability of efflux, and that it is necessary to 
accurately represent soil moisture at the landscape-scale in order to identify the importance of 
moisture as a control on efflux. 
 Soil CO2 efflux-temperature-moisture relations observed in this watershed inform our 
understanding of how soil CO2 efflux will respond to climatic changes in the future.  Our results 
suggest that efflux will increase in response to increasing soil temperature.  Although soil 
temperature is the dominant control on efflux, moisture is an increasingly significant control at 
higher soil temperatures.  As temperatures in boreal regions warm, soil moisture may become a 
more important control on efflux.  We also find that in this high elevation watershed, moisture is 
generally limiting in near-surface soils, so efflux will likely increase if soil moisture increases.  
An increase in temperature unaccompanied by an increase in soil moisture may produce a small 
increase, or no increase, in soil respiration as plants and microbes would be faced with moisture 
stress.  The effect of warming in areas with a large contribution of CO2 efflux from tree root 
respiration may not be as responsive to warming. 
 Soil surface CO2 dynamics in heterogeneous, topographically complex landscapes such 
as this one are difficult to study.  We recommend that these landscapes be investigated with a 
sampling scheme conducive to recognizing relationships and threshold effects to describe the 
complex interaction between soil CO2 efflux and heterogeneity in soil temperature and moisture 
at the plot and landscape-scale. 
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